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Wall teichoic acids (WTAs) and membrane lipoteichoic acids (LTAs) are the major polyanionic polymers in
the envelope of Staphylococcus aureus. WTAs in S. aureus play an important role in bacteriophage attachment
and bacterial adherence to certain host cells, suggesting that WTAs are exposed on the cell surface and could
also provide necessary binding sites for cationic antimicrobial peptides and proteins (CAMPs). Highly cationic
mammalian group IIA phospholipase A2 (gIIA PLA2) kills S. aureus at nanomolar concentrations by an
action(s) that depends on initial electrostatic interactions, cell wall penetration, membrane phospholipid (PL)
degradation, and activation of autolysins. A tagO mutant of S. aureus that lacks WTA is up to 100-fold more
resistant to PL degradation and killing by gIIA PLA2 and CAMP human �-defensin 3 (HBD-3) but has the
sensitivity of the wild type (wt) to other CAMPs, such as Magainin II amide, hNP1-3, LL-37, and lactoferrin.
In contrast, there is little or no difference in either gIIA PLA2 activity toward cell wall-depleted protoplasts of
the wt and tagO strains of S. aureus or in binding of gIIA PLA2 to wt and tagO strains. Scanning and
transmission electron microscopy reveal increased surface protrusions in the S. aureus tagO mutant that might
account for reduced activity of bound gIIA PLA2 and HBD-3 toward the tagO mutant. In summary, the absence
of WTA in S. aureus causes a selective increase in bacterial resistance to gIIA PLA2 and HBD-3, the former
apparently by reducing access and/or activity of bound antibacterial enzyme to the bacterial membrane.

Staphylococcus aureus is part of the normal bacterial flora
residing within the anterior nares of 30 to 50% of humans
usually without significant pathological consequences (30, 35,
42). However, S. aureus can cause a variety of localized and
more invasive infections, when the skin or a mucosal barrier is
breached (30). The mobilization and action of specific innate
immune systems, including professional phagocytes and solu-
ble antimicrobial agents, are crucial for limitation of infection
(9, 20, 29, 46). Possibly the most potent among the soluble
antimicrobial agents is the 14-kDa secretory group IIA phos-
pholipase A2 (gIIA PLA2) (48). This enzyme is produced in
many different cell types, including phagocytic cells, platelets,
Paneth cells, and lacrimal glands (18, 25, 32, 34, 37, 40, 46).
Extracellular levels of gIIA PLA2 sufficient for significant an-
tibacterial action are constitutively high in tears and seminal
fluid (34, 37, 40). In plasma and tissue fluid, however, the
resting levels of gIIA PLA2 are low but increase markedly
(100- to 1,000-fold) during inflammation (33, 46). These gIIA
PLA2-rich cell-free fluids display potent antibacterial activity
against S. aureus and many other gram-positive bacteria that is
largely due to the presence of the gIIA PLA2 (46–48). In
addition, transgenic mice expressing human gIIA PLA2 show

greater host resistance to Escherichia coli and S. aureus infec-
tion than their nontransgenic littermates, implying a protective
role of gIIA PLA2 versus these bacterial infections in vivo
(27, 28).

The ability of gIIA PLA2 to attack S. aureus and other
gram-positive bacteria reflects the abilities of the enzyme to
bind to the cell wall and to penetrate the cell wall to gain access
to phospholipids (PL) in the cell membrane (11). At least four
steps are involved: binding of the enzyme to the bacterial cell
surface, penetration of the enzyme through peptidoglycan lay-
ers, degradation of PL in the cell membrane, and activation of
bacterial autolysins (11). The phospholipolytic activity of gIIA
PLA2 and, hence, ultimate bacterial killing requires calcium as
a cofactor, but initial gIIA PLA2 binding to the cell surface
does not (47).

Initial binding of gIIA PLA2 to the cell surface of S. aureus
involves electrostatic interactions between gIIA PLA2 and the
bacterial cell surface. Among the more than 100 structurally
related low-molecular-mass (�14-kDa) PLA2 that have been
characterized so far, the mammalian gIIA PLA2 are unique in
their very high net positive charge ranging from �12 to �17.
This very high net basicity is essential for the enzyme’s potent
bactericidal activity toward gram-positive bacteria, principally
by promoting initial interactions and penetration of the cell
wall (1, 49). In contrast, the highly cationic properties of gIIA
PLA2 are not essential for calcium-dependent catalytic activity
(49) or for its ability and that of other structurally related
14-kDa PLA2 to degrade PL in cell wall-depleted bacterial
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protoplasts (1, 21). Specific bacterial sites for gIIA PLA2 bind-
ing are not known but probably involve anionic cell envelope
moieties. Major cell envelope-associated polyanions in S. au-
reus include wall teichoic acid (WTA) and lipoteichoic acid
(LTA) (10, 31).

WTA and LTA contain repeating units of ribitol or glycerol
phosphate that can be modified by glycosyl substituents or
D-alanine esters (31). While LTA is anchored to the lipid
membrane, WTA is covalently linked to the peptidoglycan (31,
41). The role of WTA in adsorption of certain bacteriophages
to S. aureus (4, 5, 44) and in adherence of S. aureus to host cells
(44, 45) is consistent with exposure of WTA beyond the cell
wall layer (41).

We therefore speculated that WTA, by virtue of its location
and polyanionic properties, might be an important target of
initial gIIA PLA2 interactions with S. aureus. The recent con-
struction of a viable WTA-deficient mutant (S. aureus tagO
strain [44]) made it possible to address this hypothesis. We
show that in the absence of WTA, S. aureus is �100-fold more
resistant to gIIA PLA2. Surprisingly, however, this resistance is
not due to reduced binding of gIIA PLA2 to the S. aureus tagO
mutant but rather decreased penetration and/or activity of
bound gIIA PLA2. The S. aureus tagO mutant also shows
increased resistance to human �-defensin 3 (HBD-3) but not
against human neutrophil �-defensins, Magainin II amide, and
several other antimicrobial proteins (44, 45). These findings
suggest an important and apparently selective role of WTA in
the antistaphylococcal actions of gIIA PLA2 and HBD-3, the
two most cationic and potent human antibacterial polypeptides
active against S. aureus.

MATERIALS AND METHODS

Materials. (Ala8,13,18) Magainin II amide, lysostaphin (3,000 U/mg of protein),
DNase I (2,500 Kunitz units/mg of protein), and horseradish peroxidase-conju-
gated monoclonal mouse anti-goat antibodies were purchased from Sigma
Chemical Co. (St. Louis, MO). HBD-3 was a generous gift from Paul McCray
(Department of Pediatrics, The University of Iowa, Iowa City). [1-14C]oleic acid
was purchased from DuPont New England Nuclear (Boston, MA). High-perfor-
mance thin-layer chromatography (TLC) plates were purchased from Merck
(Germany), and bovine serum albumin (BSA) was purchased from Boehringer
Mannheim (Indianapolis, IN). RPMI was obtained from GibcoBRL (Rockville,
MD). Precise protein gels and SuperSignal west chemiluminescence substrates
were purchased from Pierce (Rockford, IL). Recombinant wild-type (wt) and
mutant (D49S) human secretory gIIA PLA2 were expressed in E. coli and
purified as described previously (49). The purity of gIIA PLA2 was confirmed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and by
reversed-phase high-performance liquid chromatography (49). The enzymatic
activity of D49S gIIA PLA2 against autoclaved E. coli was approximately 0.001%
of wt gIIA PLA2. Polyclonal goat anti-gIIA PLA2 antibodies were isolated from
goat serum by affinity purification using affinity gel resin (Hi-Trap; GE Health-
care, Piscataway, NJ) containing coupled gIIA PLA2.

Bacterial strains and growth conditions. The strains of S. aureus used were the
parent S. aureus 113 strain (19) and the isogenic S. aureus tagO and S. aureus
pRBtagO complemented strains (44). Bacteria were grown overnight at 37°C in
BM broth (1% tryptone, 0.5% yeast extract, 0.5% NaCl, 0.1% K2HPO4, 0.1%
glucose), washed, and resuspended in fresh medium with a starting optical
density at 550 nm (OD550) of 0.05 and subcultured for 2 to 2.5 h at 37°C with
shaking until mid-logarithmic phase.

Assay of bacterial viability. The effects of various antimicrobial proteins and
peptides on bacterial viability were determined by measuring the ability of the
treated bacteria to form colonies on tryptic soy agar (TSA). Typical incubation
mixtures contained 106 or 107 bacteria/ml in RPMI supplemented with 10 mM
HEPES (pH 7.4), 1% (wt/vol) BSA, and 1 mM CaCl2 in the presence or absence
of the indicated protein/peptide. In assays with (Ala8,13,18)-Magainin II amide
and HBD-3, CaCl2 was omitted, since these peptides are more sensitive to

inhibition by added divalent cations than gIIA PLA2 is. Incubations were carried
out at 37°C for up to 2 h. At each time point, aliquots of bacterial suspensions
were serially diluted in sterile physiological saline and plated in 5 ml of molten
(50°C) TSA. Bacterial viability was measured by counting bacterial colonies (i.e.,
CFU) after 18 to 24 h of incubation at 37°C.

Radiolabeling of S. aureus lipids during bacterial growth. Bacterial PL were
radiolabeled during growth in subculture as previously described (11, 24). Briefly,
bacteria were subcultured at 37°C to mid-logarithmic phase in BM medium
supplemented with 1 �Ci of [1-14C]oleic acid per ml and 0.01% BSA, washed,
resuspended in half of the volume of fresh BM medium without [1-14C]oleic acid
and incubated for another 20 min at 37°C. BSA was then added to the medium
to a final concentration of 0.5% (wt/vol), and bacteria were washed to remove
remaining free oleic acid. Washed bacteria were resuspended to the desired
concentration in incubation medium and used promptly.

Assay of bacterial PL degradation. Bacteria prelabeled with [1-14C]oleic acid,
as described above, were incubated in the presence or absence of gIIA PLA2 as
indicated. PL degradation products generated during gIIA PLA2 treatment were
quantitatively recovered in the extracellular medium as complexes with BSA (11,
24) and measured by liquid scintillation spectroscopy. PL degradation (radioac-
tivity recovered in the extracellular medium) was calculated as a percentage of
total sample radioactivity.

Production and assay of S. aureus protoplasts. Cell wall-depleted protoplasts
were prepared from metabolically labeled S. aureus by incubation with lyso-
staphin and DNase I (final concentration of 250 �g/ml and 500 �g/ml, respec-
tively) in Tris-buffered saline osmotically stabilized with 30% (wt/vol) raffinose as
described before (24). Greater than 80% of [1-14C]oleate-labeled bacterial PL of
intact bacteria were present in the recovered protoplasts. The virtual absence of
intact/viable bacteria in the recovered protoplast samples was confirmed by
Gram staining and assay of CFU without raffinose. Cell wall-depleted protoplasts
were gently resuspended (1 � 107/ml) in RPMI containing 1% BSA, 10 mM
HEPES (pH 7.4), 1 mM CaCl2, and 30% raffinose and incubated with or without
gIIA PLA2 for 60 min. 1-14C-labeled lipids were extracted using the method of
Bligh and Dyer (3, 47) and resolved by TLC in a chloroform-methanol-water-
acetic acid (65:25:4:1 [vol/vol]) solvent system. Lipids were identified by com-
parison to migration positions of lipid standards and quantified by phosphorim-
age analysis using PhosphorImager and ImageQuant software (Amersham
Pharmacia Biotech Inc.-Molecular Dynamics Division) and expressed as a per-
centage of total 1-14C-labeled lipid detected in the sample.

Assay of gIIA binding to S. aureus. Initial binding of gIIA PLA2 was assayed
using catalytically inactive D49S gIIA PLA2 that retains wt gIIA PLA2 binding
properties to S. aureus but is unable to degrade PL (24). This mutant gIIA PLA2

D49S (1 �g/ml) was added to mid-log bacteria (1 � 108/ml) in RPMI containing
1% BSA, 10 mM HEPES (pH 7.4), and 1 mM CaCl2 and incubated for 15 min
at 37°C with slow shaking. After 15 min, bacteria were pelleted and washed once
with phosphate-buffered saline (PBS) to remove unbound gIIA PLA2. Bacterial
number and recovery were monitored by studying OD550, CFU, 1-14C-labeled
lipids, and total protein (Bio-Rad). To dissociate gIIA PLA2 bound to bacteria
by electrostatic interactions, bacterial pellets were resuspended in 1 M NaCl and
incubated for 15 min at 37°C with slow shaking. Bacteria were pelleted and
washed once with 1 M NaCl. To concentrate the 1 M NaCl eluate for immuno-
blot analysis, this sample was precipitated on ice with trichloroacetic acid (final
concentration of 20%). Bacterial pellets and/or trichloroacetic acid precipitates
of the 1 M NaCl eluate were resuspended in sample buffer containing 2%
(wt/vol) SDS, 36% (wt/vol) urea, and 6% (wt/vol) dithiothreitol and boiled for 10
min. Insoluble material was removed by centrifugation at 14,000 rpm for 5 min,
and recovered supernatants, corresponding to 2 � 107 bacterial equivalents, were
resolved in a 4 to 20% polyacrylamide gel. Samples were transferred to a nitro-
cellulose membrane, and then the membrane was incubated with blocking buffer
(PBS supplemented with 4% BSA and 0.05% Tween 20) and then with primary
antibody diluted in blocking buffer for 1 h at room temperature. After the blot
was washed in PBS containing 0.05% Tween 20, it was incubated with horserad-
ish peroxidase-conjugated mouse anti-goat immunoglobulin G (1:20,000) for 1 h
at room temperature in blocking buffer. After the blots were washed extensively,
they were developed using the Pierce SuperSignal substrate system.

TEM and SEM. The wt and tagO strains of S. aureus were grown until
mid-logarithmic phase in BM, then harvested by centrifugation, and washed
extensively with PBS. Bacteria were processed as described previously (16).
Briefly, bacteria were processed in 1.5-ml Eppendorf tubes for transmission
electron microscopy (TEM) or applied to coverslips precoated with poly-L-lysine
for scanning electron microscopy (SEM). Cells were first fixed with 2.5% glu-
taraldehyde and 0.1 M cacodylate for 10 min and then with 1% OsO4 buffer for
1 h. Samples for SEM were sequentially dehydrated in ethanol and chemically
dried with hexamethyldisilizane, mounted on stubs sputter coated with gold-
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palladium mixture, and examined under the Hitachi S-4800 SEM at the Univer-
sity of Iowa Central Microscopy Research Facility. Samples for TEM were, after
fixation, stained with uranyl acetate, sequentially dehydrated in acetone, and
embedded in Spurrs’s medium. Microtome sections were further stained with
uranyl acetate and lead citrate and examined with a Hitachi H-7000 TEM in the
University of Iowa Central Microscopy Research Facility.

Statistical methods. Statistical analyses were performed with the Prism 4.0
package (GraphPad Software, San Diego, CA), and differences between the
paired groups (wt and tagO strains and wt and complemented strains) were
analyzed for significance with Student’s t test.

RESULTS

Effects of WTA deficiency on the sensitivity of S. aureus to
gIIA PLA2 and HBD-3. Prior evidence suggests little or no
effect of WTA deficiency on S. aureus growth or on sensitivity
to a variety of cationic antimicrobial peptides (hNP1-3 and
LL-37) or proteins (lysozyme, lactoferrin, and lysostaphin)
(CAMPs) (2, 23, 44). However, the effect of D-alanylation of
LTA has a much greater effect on gIIA PLA2 than on these
other antimicrobial agents, suggesting different molecular de-
terminants of antistaphylococcal action of the highly cationic
gIIA PLA2 versus those of these other CAMPs and proteins.
To test the effects of the absence of WTA on the sensitivity of
S. aureus to gIIA PLA2, we compared the bactericidal potency
of gIIA PLA2 against wt and tagO strains of S. aureus. The S.
aureus tagO mutant exhibited at least 100-fold-higher resis-
tance to gIIA PLA2 than the isogenic wt S. aureus strain (Fig.
1A). Complementation of the S. aureus tagO mutant with a
plasmid encoding tagO (44) restored the sensitivity of S. aureus
against gIIA PLA2 (Fig. 1A).

Because the marked increase in resistance of the S. aureus
tagO mutant to gIIA PLA2 contrasted greatly with previous
studies showing similar sensitivities of S. aureus tagO mutant to
other CAMPs, we extended our experiments to additional
CAMPs, i.e., Magainin II amide and HBD-3. Magainin II
amide is a �-helical CAMP derived from frog skin, while
HBD-3 is a member of the �-defensin family (13). The S.
aureus tagO mutant was as sensitive to Magainin II amide as

the wt strain was (Fig. 1C). In contrast, the S. aureus tagO
mutant was at least 10-fold more resistant to HBD-3 than the
wt or complemented strain (Fig. 1B). Our findings indicate that
the absence of WTA in S. aureus results in a dramatic and
apparently selective increase in resistance to gIIA PLA2 and
HBD-3.

Differences in killing of the wt and tagO strains of S. aureus
parallel differences in bacterial PL hydrolysis. As indicated in
the introduction, killing of S. aureus by gIIA PLA2 depends on
initial protein binding, penetration of the cell wall, degradation
of membrane PL, and activation of bacterial autolysins (11,
24). Each of these steps can be assayed independently, thus
making it possible to study in greater detail the mechanism of
bacterial sensitivity and resistance to gIIA PLA2 (24). To test
whether differences in killing by gIIA PLA2 of the wt versus
tagO strains of S. aureus paralleled differences in PL hydrolysis,
bacterial lipids were prelabeled during growth by [1-14C]oleic
acid, and extracellular accumulation of radioactive lipid deg-
radation products during gIIA PLA2 treatment was measured.
Figure 2 shows that the difference in sensitivities of wt and
tagO strains to killing by gIIA PLA2 was paralleled by a similar
difference in sensitivity to gIIA PLA2-induced bacterial PL
degradation (i.e., release of 1-14C-labeled lipids). To produce a
similar effect on bacterial lipids, a 100-fold-higher dose of gIIA
PLA2 was required for the tagO mutant strain than for the wt
strain (Fig. 2, compare panels A and B). Complementation of
the S. aureus tagO mutant with a plasmid encoding tagO fully
restored bacterial sensitivity to gIIA PLA2 phospholipid deg-
radation and killing to wt levels (Fig. 2C and F, respectively).
As shown before, bacterial killing required nearly complete PL
degradation within 30 min (11, 12, 24), which was not achieved
in the S. aureus tagO mutant even at the highest dose (1 �g/ml)
of gIIA PLA2 tested (Fig. 2).

Similar sensitivities of cell wall-depleted membrane proto-
plasts from wt and tagO strains of S. aureus to gIIA PLA2.

Differences in PL degradation by gIIA PLA2 could reflect
reduced access of the enzyme to the membrane of the more

FIG. 1. Sensitivities of wt, tagO, and tagO complemented strains to gIIA PLA2, HBD-3, and Magainin II amide. S. aureus (wt, tagO, and
complemented strains) at 1 � 106/ml were incubated for 2 h as described in Materials and Methods in the presence of increasing concentrations
of gIIA PLA2 (A), HBD-3 (B), and Magainin II amide (C), as indicated. Bacterial viability was measured as CFU in TSA and is expressed as a
percentage of the initial inoculum. The lowest doses tested of gIIA PLA2, HBD-3, and Magainin II amide were 10 ng/ml, 1.25 �g/ml, and 0.4 �g/ml,
respectively. Growth of all three bacterial strains during 2 h of incubation without gIIA PLA2, HBD-3, and Magainin II amide was similar, resulting
in �100% CFU. The results shown represent the means of three experiments � standard errors of the means (error bars). Where indicated, the
asterisks denote statistically significant (P 	 0.05) greater resistance of the S. aureus tagO mutant to killing by gIIA PLA2 and by HBD-3 versus
that of the wt and S. aureus tagO complemented strains.
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resistant S. aureus tagO mutant or lower sensitivity of PL within
the membrane of these more resistant bacteria. To distinguish
between these two possibilities, we prepared bacterial proto-
plasts from wt and tagO strains of S. aureus by removal of the
bacterial cell wall using lysostaphin and tested their suscepti-
bility to gIIA PLA2-mediated PL hydrolysis. Recovery of bac-
terial membranes in the form of protoplasts was �80%, as
deduced from recovery of [1-14C]oleate-labeled material. The
contamination with intact bacteria, as assessed by plating on
TSA without 30% raffinose was �0.001% for both the wt and
tagO strains. 1-14C-labeled lipids in recovered membrane pro-
toplasts were analyzed by TLC. The radiolabeled lipid pattern
of protoplasts resembled that of intact bacteria and did not
differ between the wt and tagO strains (not shown), further
suggesting similarities between the two strains. In contrast to
intact bacteria, protoplasts of both wt and tagO strains were
virtually equally sensitive to gIIA PLA2-dependent PL degra-
dation with dose-dependent loss of 1-14C-labeled PL (Fig. 3A)
accompanied by accumulation of 1-14C-labeled lysophospho-
lipid plus 1-14C-labeled free fatty acid (Fig. 3B). These data
indicate that the absence of WTA does not affect the sensitivity
of membrane PL to gIIA PLA2 when the cell wall is removed.

The absence of WTA does not diminish initial binding of
gIIA PLA2 to S. aureus. The greater resistance of intact S.
aureus tagO mutant but not cell wall-depleted protoplasts of

FIG. 2. Effects of gIIA PLA2 on lipid release and killing of wt and tagO strains of S. aureus. S. aureus wt strain (A and D), S. aureus tagO strain
(B and E), and S. aureus tagO complemented strain (C and F) lipids were prelabeled with [1-14C]oleic acid as described in Materials and Methods
before incubation with increasing concentrations of gIIA PLA2. Samples were taken at 1 and 2 h to measure accumulation of 1-14C-labeled lipid
breakdown products in the extracellular medium and CFU in TSA. Increasing size of symbols corresponds to increasing gIIA PLA2 concentrations
(0, 10, 100, and 1,000 ng/ml). The results shown represent the means of three experiments � standard errors of the means (error bars). Where
indicated, the asterisks denote statistically significant (P 	 0.05) greater resistance of the S. aureus tagO mutant to the phospholipolytic and
bactericidal activities of gIIA PLA2 versus those of the wt and S. aureus tagO complemented strains.

FIG. 3. Sensitivity of protoplasts from wt and tagO S. aureus strains
to gIIA PLA2. Membrane protoplasts derived from 107 bacteria pre-
labeled with [1-14C]oleic acid were incubated with increasing concen-
trations of gIIA PLA2 (10 and 100 ng/ml) in RPMI supplemented with
10 mM HEPES, 1 mM CaCl2, and 1% BSA and osmotically stabilized
with 30% raffinose. After 60 min of incubation at 37°C in the presence
or absence of gIIA PLA2, lipids were extracted from the protoplasts
and separated by TLC as described in Materials and Methods.
(A) Loss of [1-14C]PL; (B) accumulation of gIIA PLA2-mediated PL
degradation products ([1-14C]lysophospholipid [lyso-PL] and 1-14C-
labeled free fatty acid [FFA]), as quantified by densitometric analysis.
The results shown are from one experiment, representative of two
similar experiments.
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this strain to gIIA PLA2 suggested that binding and/or cell wall
penetration of bound gIIA PLA2 is markedly reduced in the
tagO mutant. Since initial binding of gIIA PLA2 depends on
electrostatic interactions between the positively charged gIIA
PLA2 and negatively charged moieties on the bacterial surface,
we speculated that the absence of WTA, an abundant poly-
anionic polymer that extends through the cell wall, would result in
reduced gIIA PLA2 binding, hence accounting for reduced
antimicrobial activity of gIIA PLA2 toward the S. aureus tagO
mutant. We therefore compared binding of gIIA PLA2 to wt
and tagO strains of S. aureus, monitoring gIIA PLA2 binding by
SDS-PAGE and immunoblotting of washed bacterial pellets
using affinity-purified goat anti-gIIA PLA2 antibodies. Because
membrane PL degradation creates additional binding sites in
S. aureus for gIIA PLA2 (24), we used a catalytically inactive
mutant D49S of gIIA PLA2 that retains the binding properties
of wt gIIA PLA2 to compare initial surface binding of gIIA
PLA2 to wt and tagO S. aureus strains. Sample loads were
normalized by bacterial number as measured by OD550, CFU,
[1-14C]oleate-labeled lipids, and total protein. Densitometric
analysis of the immunoreactive gIIA PLA2 bands revealed that
the binding of gIIA PLA2 to the S. aureus tagO mutant was
essentially equal to the binding of gIIA PLA2 to the wt S.
aureus (the ratio of PLA2 bound to the wt versus that bound to
the tagO S. aureus strain was 0.95 � 0.19; n 
 3, P � 0.05; Fig.
4A). Moreover, virtually all of gIIA PLA2 bound to both wt
and tagO strains was eluted by treatment of gIIA PLA2-asso-
ciated bacteria with 1 M NaCl for 15 min at 37°C (Fig. 4B),
suggesting that gIIA PLA2 binding to S. aureus was mainly
driven by electrostatic interactions even in the absence of
WTA. These findings indicate that the marked increase in
resistance of the S. aureus tagO mutant to gIIA PLA2 is not due
to a difference in the amount of gIIA PLA2 initially bound to
the bacteria.

Effects of WTA deficiency on detergent sensitivity and mor-
phology of S. aureus. The findings described above indicate
dramatically greater resistance of the S. aureus tagO mutant to
bound gIIA PLA2 that is dependent on the integrity of the cell

walls of these bacteria. To probe other possible differences in
the properties of the cell envelopes of wt and tagO strains of S.
aureus that may arise secondary to WTA deficiency, we com-
pared the sensitivities of these strains to Triton X-100 and
examined their appearance by electron microscopy. In com-
parison to the wt strain, the mutant strain was much more
sensitive to Triton X-100, with marked effects on bacterial
growth and structural integrity seen at concentrations above
0.1% of Triton X-100 in the growth medium (Fig. 5). These
data indicate that in marked contrast to the increased resis-
tance of the S. aureus tagO mutant to the cytotoxic effects of
bound gIIA PLA2, the absence of WTA markedly increases
envelope sensitivity to Triton X-100-mediated bacterial lysis.

The surface morphology of the two strains as assessed by
electron microscopy was also notably different. The surface of
the S. aureus tagO strain appeared less smooth, with hairy-like
or knot-like protrusions, apparent by both TEM and SEM
(Fig. 6) in all cocci observed.

DISCUSSION

We have shown dramatic effects of the absence of WTA on
the sensitivity of S. aureus to gIIA PLA2 and to HBD-3 (Fig. 1
and 2). Detailed studies of gIIA PLA2 action against wt and
tagO strains of S. aureus have revealed that the effects of WTA
deficiency are not on either initial binding of the gIIA PLA2

(Fig. 4) or on the susceptibility of membrane PL to the enzyme
once the bacterial cell wall is stripped away (Fig. 3). Rather,
the effect of WTA deficiency is on the ability of the bound
enzyme to access and attack membrane phospholipids in intact
S. aureus tagO bacteria. The fact that initial binding of gIIA
PLA2 to wt and tagO strains of S. aureus is indistinguishable
and virtually completely reversible by treatment with 1 M NaCl
(Fig. 4B) strongly suggests that the initial interactions of gIIA
PLA2 with either the wt or tagO strain are mediated by elec-
trostatic interactions between the polycationic enzyme and an-

FIG. 4. Initial binding of gIIA PLA2 to S. aureus (wt and tagO
strains). S. aureus (1 � 108 bacteria/ml) was incubated with catalytically
inactive D49S gIIA PLA2 (1 �g/ml) for 15 min at 37°C as described in
Materials and Methods. Unbound gIIA PLA2 was separated from
bacterium-associated PLA2 by sedimentation of bacteria. Bound gIIA
PLA2 was analyzed by SDS-PAGE and immunoblotting before and
after treatment with 1 M NaCl as described in Materials and Methods.
(A) Immunoblot of samples containing 2 � 107, 1 � 107, and 5 � 106

(from left to right) bacterial equivalents of wt and tagO strains of S.
aureus. (B) Immunoblot of samples containing 2 � 107 bacterial equiv-
alents before and after treatment with 1 M NaCl. gIIA PLA2 recovered
in the 1 M NaCl eluate and, for comparison, purified gIIA PLA2
standard (20 ng) are shown in the three rightmost lanes. The results
shown are representative of three similar experiments.

FIG. 5. Sensitivity of wt and tagO S. aureus strains to Triton X-100.
Bacteria (wt and tagO strains) were grown until the mid-logarithmic
growth phase and then exposed to increasing concentrations of Triton
X-100 (twofold dilutions ranging from 1% to 0.001% [vol/vol]). Bac-
terial absorbance (OD550) was measured after 2 h of incubation at
37°C. The values represent the percentages of OD550 of initial inocu-
lum after 2 h of incubation of bacteria with or without Triton X-100.
The results shown are the means of two independent experiments �
standard errors of the means (error bars), each done in duplicate
samples. Where indicated, the asterisks denote statistically significant
(P 	 0.05) differences in sensitivity of wt and tagO S. aureus strains to
Triton X-100.
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ionic sites in the bacterial envelope. These may include but, as
indicated by the binding of gIIA PLA2 to the S. aureus tagO
mutant, are not limited to the polyribitol phosphate chain
of WTA.

Equally striking as the increase in bacterial resistance to
gIIA PLA2 and HBD-3 in the tagO mutant bacteria is the
apparently selective effect of this bacterial envelope alteration
on bacterial sensitivity/resistance to certain cell wall or cell
membrane active antibacterial agents. Thus, while the absence
of WTA increases bacterial resistance to HBD-3 greater than
10-fold (Fig. 1) and to gIIA PLA2 approximately 100-fold (Fig.
1 and 2), the sensitivity or resistance of S. aureus to several
other cell wall- and/or cell membrane-directed antibacterial
agents, including both CAMPs (44) and larger proteins (2, 23,
44), is essentially unchanged by the absence of WTA. More-

over, the sensitivity to the nonionic detergent Triton X-100 is
actually increased in the S. aureus tagO mutant strain relative
to that of the wt parent strain (Fig. 5). These findings suggest
mechanistic requisites shared by gIIA PLA2 and HBD-3 in
their antibacterial actions that are not shared by Magainin II
amide, hNP1-3, LL-37, lysozyme, lactoferrin, lysostaphin, or
Triton X-100. Although the precise natures of these determi-
nants are still unknown, comparison of the structural and func-
tional properties of these agents suggest that distinguishing
characteristics of the gIIA PLA2 and HBD-3 are their ex-
tremely high net positive charge and polycationic charge den-
sity and their cytotoxic action within the cytoplasmic bacterial
membrane (Table 1) (22, 24, 38, 39, 49). It is possible that the
charge properties of gIIA PLA2 and HBD-3 confer special
requirements for their penetration of the cell wall to the bac-
terial cytoplasmic membrane where their lethal action is ex-
erted. It has been proposed that the combination of WTA,
extending outside the bacterial cell beyond the peptidoglycan
layers, and of LTA, extending from the cytoplasmic membrane
into the peptidoglycan lattice, can provide a polyanionic ladder
through which polycationic macromolecules could traverse
from the outside to the cytoplasmic membrane (6, 7, 10, 31).
Adducts (e.g., D-alanine) of the polyglycerol phosphate chain
of LTA can be transferred nonenzymatically from LTA to
WTA, implying close juxtaposition of the polyglycerol phos-
phate and polyribitol phosphate chains of LTA and WTA,
respectively (15). Thus, in the absence of WTA, gIIA PLA2

(and HBD-3) may be bound electrostatically at sites in the cell
wall from which movement to LTA and further penetration to
the cell membrane may be much less facile. The much greater
abundance of surface protrusions seen in the S. aureus tagO
mutant (Fig. 6) may also provide initial binding sites for gIIA
PLA2 and HBD-3 from which transfer to LTA is less likely.
Such a scenario predicts that a deficiency in LTA would also
confer hyperresistance to gIIA PLA2 and HBD-3. Unfortu-
nately, in contrast to WTA, a mutant fully deficient in LTA is
not viable (14), precluding at this time such direct testing.

In several infectious and inflammatory settings, gIIA PLA2

appears to be the dominant extracellular antistaphylococcal
agent (27, 28, 46–48). Thus, increased bacterial resistance by

FIG. 6. Morphology of wt and tagO strains of S. aureus as exam-
ined by electron microscopy. (Top) TEM; (bottom) SEM. Note that
wt cocci are round and have a smooth surface, whereas S. aureus
tagO cocci have a rough surface with many surface protrusions seen
in all cocci.

TABLE 1. Summary of physical and antimicrobial properties of cationic peptides and proteins

Antimicrobial agent Molecular mass
(kDa) Net chargea Site of actionb LD90 of wtc MIC of wtd Lysozyme sensitivity

of wte tagO/wt ratiof Reference(s)

hNP1-3 3.5 �2/�3 CM 100 1 36, 44
Magainin II amide 2.5 �4 CM 10–40 10–40 1 24, 36; this study
LL-37 4.5 �6 CM 10 1 44, 50
HBD-3 �10g �11 CM 10 10 �10 24, 39; this study
gIIA PLA2 14 �15 CM 0.1 0.1 �100 24; this study
Lysozyme 14.7 �9 CW �5 � 104 1 2
Lysostaphin 25 �10.5 CW 0.004 1 26, 43
Lactoferrin 80 �11 CMh 500 1 44

a (Lys � Arg) � (Asp � Glu).
b CM, cell membrane; CW, cell wall.
c The 90% lethal dose (LD90) (in micrograms per milliliter) was determined as described in the legend for Fig. 1.
d MIC (in grams per milliliter) determined by Kusuma and Kokai-Kun (26).
e Lysozyme sensitivity was determined by agar diffusion assay. Note that the growth of both strains was unaffected by 50 mg/ml of lysozyme.
f Estimated difference in the resistance of wt and tagO strains of S. aureus to the indicated antimicrobial agent. This difference was calculated as the ratio of the

estimated MIC, LD90, or lysozyme sensitivity of the indicated agent toward the tagO strain versus that of the wt parent strain.
g HBD-3 is primarily found as a dimer (39).
h The principal antistaphylococcal action of lactoferrin is likely mediated by sequestration of iron.
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reduced WTA could be a useful adaptive measure to increase
S. aureus survival in settings where gIIA PLA2 is mobilized and
bacteria would otherwise be sensitive to its antibacterial action.
Thus, while WTA may be essential for establishing nasal col-
onization and also adherence to certain endothelial sites (44,
45), a reduction in WTA content could facilitate bacterial
invasion and promote the survival of invading bacteria that
induce host inflammatory responses, including the mobiliza-
tion of gIIA PLA2. Regulation of WTA expression and/or
envelope levels has not yet been reported. However, recent
studies of the two-component WalKR system on cell wall me-
tabolism showed direct interaction of WalR with the tagA or
tagD promoter (8, 17), suggesting a possible involvement of the
two-component WalKR system in expression of tag genes.
Therefore, future studies directed at examination of WTA
levels in vitro and in vivo could reveal more new insights about
the roles and functions of WTA in S. aureus interaction with
the human host.
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